Context: The development of diabetes insipidus (DI) following transsphenoidal resection of pituitary adenomas has been associated with higher postsurgical morbidity and longer hospitalizations. Identifying these patients promptly and efficiently can lead to improved health care outcomes.
Preoperative diagnosis of diabetes insipidus (DI) is rare in the setting of a pituitary adenoma and should prompt consideration of alternative diagnoses, such as craniopharyngioma or Rathke cleft cyst (RCC) [1] . Postoperative DI, however, is not a rare finding after sellar mass resections, with reported incidences typically ranging from 9% to 22% but up to 54% at some institutions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Although not all patients develop DI after transsphenoidal surgery, those that do typically require longer hospitalizations and face a higher morbidity [6] . Being able to avoid the adverse consequences from undiagnosed DI underscores the importance of correctly and efficiently identifying patients with DI following transsphenoidal surgery.
Unfortunately, the diagnosis of DI, especially in the hospitalized, postsurgical patient, is not always straightforward [1, 7] . The effects of anesthesia, postoperative complications, medications, nasal packing, and perioperative intravenous fluid use can contribute to a confusing diagnostic evaluation [1, 7] . An understanding of the postoperative antidiuretic hormone (ADH) pathophysiology and differential diagnoses of polyuria helps to clinically diagnose and test for DI. Following the diagnosis, close monitoring is required to evaluate treatment response and to determine whether the DI is transient, permanent, or part of the triphasic response [1, 7] . The majority of postoperative DI is transient, requiring treatment of 1 week (;50%) up to 3 months (;80%) [7] . Permanent DI is much less common, with a reported incidence of 2% to 7% [7] . The triphasic response is a postsurgical phenomenon that presents with a short period of DI, followed by the syndrome of inappropriate ADH secretion 5 to 7 days later, resulting in hyponatremia. Eventually, a proportion of these patients goes on to develop permanent DI. Although the full triphasic response is less common than permanent DI, with an incidence of 1.1%, managing these patients can be complicated and requires careful monitoring [1] .
There have been studies that have retrospectively analyzed associations of preoperative and perioperative factors with DI that can be used to identify patients with a higher risk of developing postoperative DI. This could lead to closer postoperative monitoring of the high-risk population for a timely diagnosis and reduction in the postsurgical morbidity. Schreckinger et al. [6] evaluated 172 endoscopic transsphenoidal surgeries and determined tumor volume and histopathology of RCC or craniopharyngioma were associated with postoperative DI. They also reported that a postoperative serum sodium (S [Na] ) .145 mmol/ mL or an increase of at least 2.5 mmol/L had 98% and 80% specificity, respectively, of developing DI [6] . An evaluation for the incidence of postoperative DI by Kadir et al. [2] at a single institution showed functioning pituitary adenomas (17.6%) were much less likely to be associated with DI than nonfunctioning pituitary adenomas (62.5%). A large, retrospective study of 881 patients by Nemergut et al. [4] showed an 18.3% incidence of postoperative DI, with 12.4% requiring treatment at some point during hospitalization and only 2% requiring long-term treatment. Their analysis of these patients showed an intraoperative cerebrospinal fluid (CSF) leak to be strongly associated with DI (33.3% transient and 4.4% permanent) [4] . Similar to the previous study, histopathology showing RCC or craniopharyngioma was associated with increased incidence of DI [4] . Corticotroph adenomas associated with Cushing disease had higher association with transient but not permanent DI [4] . Interestingly, repeat operations were not associated with higher incidence of DI and microadenomas were more likely to experience transient DI than macroadenomas [4] .
The purpose of our study was to review our institution's experience with patients with pituitary adenoma following endoscopic endonasal resection to identify preoperative factors that were associated with the development of postoperative DI.
Materials and Methods

A. Study Subjects
After approval from The Ohio State University Institutional Review Board, an electronic query was performed to identify our sample of patients who had undergone transsphenoidal surgery. To remove surgical expertise as a variable, we limited the cases to those performed by a single neurosurgeon (D.M.P.). We excluded diagnoses of RCC and craniopharyngioma, as these are known to carry a significantly higher risk of postoperative DI [4, 6] . Between August 2010 and December 2016, 314 patients were identified. Of these, 43 patients were excluded: 39 who had undergone a previous pituitary resection by a different provider or at a different institution, 2 with a histopathologic diagnosis of metastatic disease, and 2 with a preoperative diagnosis of DI. Two hundred seventy-one patients remained.
B. Data Collection
A retrospective chart review was completed on the 271 patients. Electronic medical records were reviewed to obtain demographic information, visual symptoms at presentation (subjective complaints confirmed by physician or objective report), anterior and posterior pituitary function at diagnosis, preoperative prolactin (PRL) level (if elevated), functional status of the tumor, maximal tumor diameter and tumor extension, tumor pathology, presence of intraoperative CSF exposure or leak, postoperative CSF leak, postoperative DI symptoms, diagnosis of DI, and/or treatment. For the measurement of the tumor size and extension, the data were collected from the original imaging reports. Due to the retrospective nature of the study, a single radiologist did not generate these reports. However, the data were assessed and confirmed by the neurosurgical team preoperatively.
C. Diagnostic Criteria
A standard institutional inpatient monitoring system was used in all postoperative patients regardless of symptoms, including hourly intake and output measurements for 48 hours. Urine osmolality, urine specific gravity, and S [Na] were tested every 6 hours for 48 hours after surgery. The monitoring was extended if there were abnormal findings. Specific criteria were used to confirm the diagnosis of DI for each patient: documentation of increased thirst and subjective polydipsia or polyuria or objective intake and output record showing .250 cc of urine output per hour for at least 2 hours along with a urine osmolality of ,200 mOsm/kg and urine specific gravity ,1.005 or an S [Na] .143 mmol/L. This standard postoperative monitoring and diagnostic criteria helped avoid missing those with DI who were well compensated by increasing their own intake without need for desmopressin treatment.
Once DI was confirmed, treatment methods were separated into four categories with the first three categories used in transient DI: symptomatic treatment that allowed patients to drink to thirst without desmopressin use, inpatient treatment with intermittent desmopressin use during hospitalization but discharge without medication, transient treatment requiring desmopressin at discharge but for ,3 months from day of surgery, and permanent treatment requiring desmopressin for .3 months from surgery. Treatment of patients who experienced the triphasic response was classified per their final desmopressin status on last follow-up (i.e., inpatient, transient, or permanent requirement).
Patients with a clinical diagnosis of prolactinoma or positive PRL stain on histopathology were excluded only for the analysis of the association between hyperprolactinemia (due to stalk effect) with DI but not the remaining preoperative factors. If hyperprolactinemia was present based on the laboratory's age-specific and/or sex-specific PRL reference ranges, the level was recorded.
Tumor functionality and pituitary function were recorded when all appropriate laboratory evaluations or documentation were available. Tumor functionality was confirmed with postoperative histopathologic diagnosis, and the latter was documented separately for plurihormonal adenomas. Panhypopituitarism was defined as abnormalities in three or more of the hypothalamic-pituitary axes.
D. Statistical Analysis
The x 2 and independent t tests were performed to compare data with categorical and continuous variables, respectively, on demographics between two groups (patients with postoperative DI vs those without postoperative DI). The associations between risk factors and development of postoperative DI were analyzed using x 2 and Fisher exact tests. Logistic regression was performed to analyze multiple predictors of development of postoperative DI. Differences on tumor size between groups were performed with independent t tests. P values were considered as significant at P , 0.05. Data were analyzed in SPSS V.23.0.
Results
Forty-five of 271 patients (16.6%) developed postoperative DI, whereas 226 patients (83.4%) did not. Demographically, the two groups did not significantly differ in age, sex, or race (P . 0.05) ( Table 1) . Of the 45 patients who developed DI, only 11 patients (4.0%) had permanent DI. Of the 34 patients (12.6%) with transient DI, 11 were monitored with symptomatic treatment, 8 required intermittent inpatient doses, and 15 required desmopressin at discharge but were able to wean off in ,3 months. The average preoperative sodium level was not different between the two groups (DI group: average S [Na] 137.65 6 2.15 mg/dL; patients with non-DI: average S [Na] 138.30 6 2.53 mg/dL; P = 0.15).
With the implication that visual abnormalities involve some degree of optic chiasm disturbance, suprasellar extension, and stalk compression, we identified all patients who were diagnosed as having visual field deficits or visual acuity changes by a clinician. Expectedly, the presence of visual abnormalities at presentation was associated with a higher rate of DI postoperatively (48.9% vs 27.9%; P = 0.006) ( Table 2) .
To study the effect of pituitary dysfunction on DI, we separated panhypopituitarism and hyperprolactinemia, as anatomically these can lead to different postoperative pathology in relation to water and sodium balance [1] . However, neither diagnoses of panhypopituitarism nor hyperprolactinemia significantly predicted the incidence of postoperative DI in our study (P . 0.05) ( Table 2) . A further evaluation of average PRL levels in those with hyperprolactinemia between the two groups showed a PRL of 52.55 ng/mL in the DI group compared with 43.72 ng/mL in the non-DI group. Although there was a difference, this was not noteworthy.
With previous reports showing incongruent findings between functionality of tumors and DI [2, 4] , we evaluated our institution's findings of the same. Of 271 patients, 178 had nonfunctioning pituitary adenomas, 34 had Cushing disease, 31 had acromegaly, 25 had prolactinomas, and 3 had TSH-omas. The incidence of each functional pituitary adenoma was not significantly different between those with DI and those without DI, and thus, functional tumors were not associated with postoperative DI (P . 0.05) ( Table 1) . Data are presented as n (%), or average 6 SD.
Radiologic findings have been previously evaluated using various strategies including tumor volume, anterior-posterior, cranio-caudal, or transverse dimensions and maximal tumor diameter, but findings have been inconsistent among studies [2, 4, 6, 11] . In our study, maximal tumor size significantly predicted higher risk of postoperative DI. The larger the adenoma, the higher the risk of postoperative DI (P , 0.05), with an average maximal tumor diameter of 28.8 mm in the DI group vs 21.5 mm in the non-DI group (t = 23.01; P = 0.004).
The effect of tumor extension, beyond Knosp grading or cavernous sinus invasion as previously studied, was evaluated by separating into three categories: suprasellar extension, cavernous sinus invasion, or other, involving retrosellar, clivus, or sphenoid sinus involvement. Only those patients with suprasellar extension had a higher association with postoperative DI (82.2% vs 60.2%; P = 0.006) ( Table 2 ). Tumor extension in the remaining two categories was not significantly different between the two groups (P . 0.05) ( Table 2) .
A systematic review by Lobatto et al. [11] considered tumor size and suprasellar extension to be correlated. However, multivariate analysis of our data showed that tumor size was a significant predictor of postoperative DI independent of suprasellar extension (P , 0.05).
Lastly, we evaluated the association of either intraoperative CSF exposure or postoperative CSF leak with DI. Despite our nonsignificant results, there was a trend in the positive direction (P = 0.069) ( Table 2) .
When the significant predictors of visual abnormalities, suprasellar extension, and maximal tumor diameter were entered into the logistic regression model, only maximal tumor diameter significantly predicted postoperative DI (P , 0.05).
To address confounding factors in our data, we examined two additional variables: diuretic use and postoperative hyperglycemia. For this analysis, we studied all 45 patients with DI and a random sample of 60 patients without DI from the cohort. We found that the rate of diuretic use was not significantly different in the two populations, and in fact, there were more patients on diuretics in the non-DI group (DI group: 17.8%; non-DI group: 31.7%; P = 0.25). To assess the role of hyperglycemia in postoperative polyuria, we examined maximum the incidence of hyperglycemia greater than the renal threshold of 180 mg/dL between the two groups also showed no significant differences (DI: 12 out of 45; non-DI: 9 out of 60; P = 0.109). In addition, we recorded the maximal blood glucose obtained within the 48-hour postoperative period, and this also showed no differences between the groups (DI: 158.5 6 52.51 mg/dL; non-DI: 154.7 6 45.42 mg/dL; P = 0.348). Additionally, we evaluated whether any of the aforementioned factors were associated with increased risk of permanent DI over transient DI. When the analyses were performed on the 45 patients who developed postoperative DI, only maximal tumor diameter was found to have a significantly higher association with permanent DI [n = 11; X = 38.91 mm, (X 5 average 6 SD)] vs transient DI (n = 34; X = 25.59 mm) (P , 0.05). All other preoperative factors were not significant (P . 0.05) ( Table 3) .
Discussion
In the evaluation of our institution's experience with DI following pituitary adenoma resection, we assessed the association of several preoperative factors with DI to assist in the postoperative diagnosis and management as well as patient education. Our retrospective review of 271 patients with pituitary adenomas shed light on additional factors that are more likely to predict DI and also reiterated the importance of tumor size, as seen in some previous studies [4, 11] . Although 16.6% of patients developed DI postoperatively, the rate of permanent DI was much lower at 4%, consistent with the incidence reported at other institutions [1, 2, 4, [7] [8] [9] [10] 12] .
The presence of visual abnormalities, either visual field deficits and/or acuity changes, was significantly associated with postoperative DI. A total of 25.9% of patients with visual symptoms went on to develop postoperative DI, whereas only 12.4% of those without visual symptoms developed DI. Visual abnormalities typically indicate tumor compression of the optic nerve or chiasm. With the anatomic location of the optic chiasm being superior to the pituitary gland, we would expect the presence of upward extension of the tumor to involve the pituitary stalk as well. During surgical manipulation, this disturbance of the pituitary stalk could result in disruption of arginine vasopressin (AVP) release and thus DI.
In our group, tumor size was a notable predictor of postoperative DI, consistent with previous studies' findings with tumor volume and diameter [4, 11] . This is likely due to the higher chance of involvement of nearby structures, specifically the pituitary stalk, with larger tumors. Overall, there was a significant skew toward larger tumors in the DI group (P , 0.001). We observed that 15.60% of patients with DI had giant adenomas (.40 mm in maximal dimension) compared with only 4.40% in the non-DI group. Clinically, this is relevant, as patients with giant adenomas were 2.5 times more likely to develop DI than those with microadenomas and warrant closer DI monitoring postoperatively. Previous studies have looked for association with higher Knosp grading or cavernous sinus extension with DI with neutral results [11, 12] . By dividing tumor extension into three groups-suprasellar extension, cavernous sinus extension, and other extension including the sphenoid sinus, clivus, or retrosellar-we were able to identify substantial differences. Suprasellar extension affects the pituitary stalk with a higher chance of causing AVP disturbance following surgical manipulation. As expected, a higher rate of suprasellar extension was seen in the DI group (82.2% vs 60%). This is important in preoperative counseling and planning, as only 8.2% of patients without suprasellar extension developed DI, whereas 21.4% (37 of 173 patients) with suprasellar extension developed DI. Involvement of the cavernous sinus or other areas indicates lateral or anterior-posterior extension with less chance of pituitary stalk disturbance, and accordingly, a noteworthy difference was not identified.
Multivariable analyses of the 173 patients with suprasellar extension showed a notable difference in maximal tumor diameter in those who developed DI (average dimension of 32.43 mm) compared with those who did not (25.05 mm). Thus, tumor size remained a noteworthy predictor of DI independent of the presence of suprasellar extension.
Contrary to our expectations, hyperprolactinemia was not associated with higher DI risk. Albeit not statistically significant, the analysis of the absolute PRL levels in those with hyperprolactinemia showed the group that developed DI had an average PRL of 52.55 ng/mL compared with 43.72 ng/mL in those that did not develop DI (P . 0.05). Pathophysiologically, an elevated PRL indicates stalk effect with tumor involvement of the pituitary stalk [13] . Similar to variability seen with TSH levels [14] [15] [16] , two studies have revealed the presence of both interindividual and intrainidividual PRL variation, with the former having a larger variation [17, 18] . This variation could explain the nonsignificant findings in our analysis.
The presence of panhypopituitarism was not associated with higher DI risk in our group. The incidence of panhypopituitarism following resection of pituitary adenomas ranges between 5% and 25% and has been associated with larger tumors, extent of surgical manipulation, recurrent disease, and Cushing disease [7] . Given that size of tumor is a noteworthy predictor for both panhypopituitarism and DI, a correlation might have been expected between the two. However, the pituitary gland can often remain functional despite considerable mass effect from large tumors. Additionally, when the pituitary-adrenal axis is compromised, DI can be masked due to the lack of the normal glucocorticoid inhibition of ADH synthesis and release. With initiation of glucocorticoid replacement, symptoms of polyuria and polydipsia can present, revealing DI. This highlights the importance of a complete pituitary evaluation preoperatively and postoperatively and helps in the differential diagnosis for polyuria.
Few studies have shown a higher incidence of postoperative DI with Cushing disease [4, 7] . In our group, this was not the case, as the rate of Cushing disease, acromegaly, prolactinomas, and nonfunctional adenomas did not differ significantly between the two groups ( Table 1 ). In addition, there was no substantial association with transient over permanent DI in those with Cushing disease as previously described [4] (Table 4) . It has not been clearly established why certain functioning tumors would have a higher risk of DI. Nemergut et al. [4] suggested a more extensive explorative surgery or glycosuria yielding higher rates of polyuria in Cushing disease. Other studies indicate that functional tumors typically present as larger and more aggressive tumors, leading to higher incidence of DI, as seen with acromegaly [19, 20] . In addition, the postsurgical diuresis that patients with acromegaly experience could be mistaken for DI, leading to inappropriate diagnosis [1] . However, in our group, only 4 of the 31 patients with acromegaly met diagnostic criteria for DI, which was similar to other functional and nonfunctional adenomas.
In evaluating preoperative factors associated with the development of permanent vs transient DI, our data showed maximal tumor diameter to be the only noteworthy predictor of postoperative DI. Unfortunately, due to our overall low numbers of permanent DI (11 patients), the analysis lacked power to identify differences between the remaining factors. To be able to study this further would likely require a meta-analysis given the overall low incidence of permanent DI at most high-volume, experienced pituitary surgery centers [4, 6, [9] [10] [11] [12] .
The strengths of our study are the size of our study sample, the single-center and singlesurgeon data used to evaluate for noteworthy predictors, as well as our exclusion criteria to include only pituitary adenomas. Limiting to a single neurosurgical provider removes the substantial variability that surgical experience could have on the development of DI. In addition, to our knowledge, our study was the only one to limit evaluation to pituitary adenomas. We elected to use this limitation as the incidence of DI with craniopharyngiomas and RCC has consistently been reported to be significantly higher (31% to 50%) than in pituitary adenomas [4, 11] . These above exclusions strengthen the impact of our findings for pituitary adenomas.
The limitation of our study is the retrospective nature that can restrict data collection. The diagnosis of DI required clear subjective documentation, objective findings, and laboratory evaluation and treatment with desmopressin. Despite the standard protocol for every postoperative patient, transient DI could have been missed in those patients with intact thirst mechanisms and access to water that self-regulated their treatment. Also, given the retrospective nature, a single laboratory was not used to evaluate hypothalamic pituitary axes in all patients preoperatively. Data were collected as available through various providers' notes and not included in analyses if incomplete. Finally, we were limited by the fact the MRIs were not evaluated by a single radiologist, thus precluding centralized review and uniform size measurements for tumors; this concern is mitigated by the fact that the neurosurgeon (D.M.P.) reviewed all scans preoperatively.
It is worth mentioning the exciting literature emerging regarding the use of copeptin, an amino acid fragment of the pro-AVP polypeptide that is cosecreted with AVP [21] . Serum copeptin levels have shown promising results in their ability to differentiate primary polydipsia from central or nephrogenic DI with adequate sensitivity and specificity [21] [22] [23] . However, the reference range in various settings that stimulate AVP release, such as nausea, vomiting, pain, or stress, has yet to be established. This analyte may prove to be a great tool in the future once the initial findings are confirmed and the test becomes more available in the clinical setting.
Conclusion
Because the diagnosis and treatment of postoperative DI can be complex, using preoperative data to identify those at highest risk can be meaningful to patient care and outcomes. Our comprehensive review of pituitary adenoma data from one surgical provider at our institution highlights several preoperative factors that were associated with higher incidence of postoperative DI. Although all postoperative patients require monitoring for DI, patients presenting with vision changes, suprasellar extension, or large tumors on MRI were found to have a higher incidence of DI. This group should be counseled appropriately preoperatively and monitored closer postoperatively. These associated factors can be anatomically explained with their effect on the pituitary stalk, where AVP traverses en route to the posterior pituitary. Due to the overall low incidence of permanent DI, meta-analysis of high-volume institutions' experience would be clinically helpful in gaining insight into predictors of permanent DI beyond tumor size.
